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isotropy) in imaging of dipping reflec- tors, such as fault planes, below transversely isotropic formations. The case study described here represents a dramatic example of the inadequacy of conventional imaging methods in the presence of seismic anisotropy. Figure I shows a seismic line from offshore Africa acquired by Chevron Overseas Petroleum. The line was processed using a sequence of conventional normal moveout, dip moveout, and poststack time migration algorithms without taking anisotropy into account. While horizontal and mildly dipping reflectors look sufficiently sharp, steep fault planes (such as the one at 1.5-2 s to the left of CMP 1000, dipping at about 40°) are poorly focused and imaged.
To find the cause of the problem, it is useful to examine the constant-velocity stacks (CMP stacks generated at certain constant values of the stacking velocity) after application of conventional constant-velocity DMO (Figure 2 ). The goal of DMO processing is to focus both horizontal and dipping events on the same velocity panel. However, while subhorizontal reflectors at times between 1.5 and 2 s are imaged best at a stacking velocity of 2200 m/s, the steep reflection comes into focus at a much higher velocity (2400-2450 m/s). As a result, the conventional processing sequence produces a weak, blurry image of the dipping fault plane. We note that the dip of the fault plane is not uncommonly large (about 40°).
If the DMO problem had been caused by a velocity gradient in an isotropic medium, we would expect the dipping event to be imaged at a lower stacking velocity than that of the horizontal event, just the opposite of what we see in Figure 2 . We suggest, instead, that the DMO algorithm fails to remove the dip-dependence of stacking velocity as a result of the increase in the stacking velocity for reflections from dipping interfaces caused by anisotropy. Below, we demonstrate that this problem can be corrected by properly accounting for anisotropy in DMO processing. The velocity values at the top correspond to the stacking velocity used in the NMO correction. The mildly dipping events (e.g., those at times of 1.5-1.8s) will he called "subhorizontal" in the text.
As mentioned above, anisotropy Once the importance of anisotropy also often manifests itself through misis accepted, two further impediments ties in time-to-depth conversion. Alto taking its presence into account though the imaging issues (i.e., DMO and time migration) are the primary must be overcome: (I) processing algorithms that include anisotropy are subject of this paper, a brief look at more complex than those that ignore it, time-to-depth conversion shows evidence of large anisotropy and provides and (2) even with such processing capability at hand, heretofore it has been some insight into the geologic section difficult to estimate the anisotropy paresponsible for the anisotropic pherameters required by these algorithms. nomena. Figure 3 presents this evi-
The second problem has seemed to be dence in the form of a comparison especially intimidating. It has been bebetween average velocities derived lieved that estimation of the four or from check shots and those derived from reflection moveout in surface more parameters that fully characterize P-wave propagation in typical seismic data. Note that the separation anisotropic media is not only difficult of the two curves continues to increase (estimating the one critical parameter down to about 2 s two-way time, then for isotropic media -velocity -is remains constant for the remainder of difficult enough), the task also seemed the measurements. The maximum septo require additional measurements bearation amounts to a 12% mis-tie in the yond those obtained in conventional average velocity; similar sizable misseismic surveys (e.g., crosswell, vertities have been observed by Ball (1995) in an adjacent area and attributed to the cal seismic profiles, or auxiliary Swave data). For instance, conventional influence of anisotropy. Below, we invelocity analysis based on shortterpret the mis-ties in terms of Thomspread moveout (stacking) velocities sen's (1986) anisotropy parameter does not provide enough information to determine the true vertical velocity in transversely isotropic media with a vertical symmetry axis (VTI media).
(Velocity in VTI media varies with direction of propagation away from the vertical. but not with azimuth.) It turns out, however, that it is not necessary to know the vertical velocity for anisotropic time processing. The influence of vertical transverse isotropy on NMO, DMO, and time migration is governed by the short-spread NMO (stacking) velocity from horizontal reflectors (determined by conventional velocity analysis) and a single anisotropic parameter (we denote it as that can be obtained from the dip-dependence of P-wave NMO velocity. After a brief description of our approach to parameter estimation, we return to the field-data example to demonstrate significant improvements in structural imaging achieved by the new anisotropic processing sequence.
Anisotropy parameters and velocity analysis of P-wave data. Throughout this paper we consider the most common anisotropic model -VTI media -but we do not assume that anisotropy is weak or elliptical. Both assumptions are inappropriate for shales. which represent the most common source of transverse isotropy in sedimentary basins. Conventionally, P-wave (strictly, quasi-P-wave) and SV-wave (quasi-SV-wave) propagation in Tl media have been described by four stiffness coefficients c ij . Recognizing value in combining these stiffness coefficients to form four alternative anisotropy parameters that likewise characterize TI media, Thomsen (1986) defined four anisotropy parameters:
(the P-wave velocity in the direction of the symmetry axis), (the S-wave velocity in the same direction), (a dimensionless quantity close to the fractional difference between the velocities in the directions perpendicular to and parallel to the symmetry axis), and (another dimensionless quantity that predominantly governs the variation of P-wave velocity close to the symmetry direction, which is vertical for VTI media). Measured values of the ratio of horizontal to vertical velocity (an often quoted measure of anisotropy) in some sedimentary basins can be 1.3 and larger. As it happens, however, this parameter, has no direct influence on most seismic data processing.
Although Thomsen found this new notation to be particularly convenient for developing analytic expressions for wave behavior under the assumption of "weak anisotropy" (i.e., and the fully comprehensive value of these parameters has since emerged for media with a n y d e g r e e of anisotropy. For example, Tsvankin and Thomsen (1994) found that the kinematics of P-wave propagation are, for practical purposes, independent of one of these parametersLikewise, seismic signatures of importance in reflection seismology, such as normal moveout velocities, take a relatively simple form if expressed through Thomsen parameters. For example, the P-wave normal moveout velocity (the stacking velocity in the limit of small offset) in a single horizontal VTI layer is given by ( 1 ) where is the reflector dip. The relation between the NMO velocity and dip is discussed below. We would like to emphasize that this equation is valid for any strength of the anisotropy. For a more detailed discussion of notation, see .
In layered VTI media, NMO velocity is equal to therms average of the interval NMO values given by equation (1). Hence, the parameter is responsi- ble for the difference between the true (rms) vertical velocity and NMO (stacking) velocity in VTI media. as exemplified for our study area in Figure 3 . By recasting the two sets of measurements in Figure 3 in terms of interval velocity, we derived the curve shown in Figure 4 . The value of reaches a surprisingly large value of .4 at 2.2 s, then rapidly drops almost to zero. The overall shape of this curve correlates well with our understanding of the geologic section. The Tertiary section (everything above the strong reflector located at about 2.3 s below CMP 200 in Figure 1 ) is known to be predominantly shale; between this reflector and the basal detachment (the bright reflector at 3.2 s), the Cretaceous section is a complex mixture of sands, shales, and carbonates. Evidently, the Tertiary shales are primarily responsible for this large anisotropy, and indeed become increasingly anisotropic with depth.
In the example above, we have used borehole measurements (check shots) to recover 6. From surface seismic data alone, it is impossible to separate and even by recording the conventional spread moveout of the SV-wave in addition to that of the P-wave; NMO velocity remains the only parameter that can be extracted using moveout data from horizontal reflectors.
The presence of structure at depth and generation of reflections from dipping planes, however, provide new information for anisotropic inversion by extending the angle coverage of surface data. If the medium above the reflector is anisotropic but homogeneous, the dip-dependence of NMO velocity for any pure mode (e.g., P-P, SV-SV) can be represented as a relatively simple function of phase velocity and its derivatives taken at the dip (Tsvankin, 1995) : (2) where V is the phase velocity, that is, the velocity of a plane wave propagating at angle measured from vertical. The only assumption about anisotropy underlying the anisotropic NMO equation given just above is that the incidence (sagittal) plane is a plane of symmetry of the medium (it should also be in the dip plane of the reflector).
If the medium is isotropic, the derivatives of phase velocity with respect to direction vanish, and this equation reduces to the familiar cosine-of-dip dependence We see, therefore, that the directional dependence of velocity [i.e., the derivatives in the equation(2)] in VTI media give rise to departures from the "isotropic" behavior of NMO velocity. It is these departures that we will use for parameter estimation in VTI media.
Although equation (2) was derived in the zero-spread limit, it accurately describes P-wave moveout for conventional spread lengths, i.e., those comparable to the distance between the CMP and the reflector. For purposes of seismic processing, NMO velocity is more conveniently represented as a function of the ray parameter which is just the slope of reflections observed on zero-offset (or CMP-stacked) seismic sections. As shown by Alkhalifah and Tsvankin (1995) . P-wave NMO velocity for reflections from dipping planes [equation (2)] as a function of p is determined by just two parameters: the NMO velocity from a horizontal reflector [equation(l)] and a dimensionless combination of the Thomsen parameters given by
In the limit of weak anisotropy (i.e., small parameters and reduces to 
the difference
Note that the coeffcient goes to zero not only for isotropic media but also for any elliptically anisotropic media (i.e., media for which Thus, the dependence of the NMO velocity on the ray parameter for isotropic media holds for elliptical models as well, but becomes inadequate for general transverse isotropy. Figure 5a shows that the P-wave NMO velocity as a function of the ray parameter of dipping events ("dipmoveout signature") is controlled solely by and does not depend on the individual values of the anisotropy parameters and
For most typical media, > 0 (that is, > 0). the conventional DMO expression based on the cosineof-dip equation severely understates NMO velocities for dipping reflectors. This implies that conventional constantvelocity DMO designed for isotropic media breaks down in the presence of transverse isotropy (recall the field-data example in Figure 2) .
To obtain the parameters V nmo (0) and using the second equation, it is sufficient to have P-wave NMO velocities and ray parameters measured for two distinctly different dips. If one of the reflectors is horizontal (a common situation), then V nmo (0) is obtained by conventional velocity (e.g., semblance) analysis, and the parameter remains the only unknown to be recovered. This inversion procedure is stable in that the inverted values of the parameters V nmo (0) and are not too sensitive to errors in the input NMO velocities. Indeed, the spread of curves in Figure 5b suggests that the NMO-velocity curves corresponding to values of 0.1,0.2, and 0.3 are well resolved over a wide range of dips. Alternatively, can be constrained, albeit with a lower accuracy, using nonhyperbolic moveout on long spreads.
Once the parameters V nmo (0) and have been determined, the normal moveout velocity can be computed for any value of the ray parameter. This algorithm makes it possible to carry out anisotropic dip-moveout corrections without using any information other than P-wave reflection moveout. Moreover, Alkhalifah and Tsvankin showed that not just DMO, but also all time-related imaging steps (i.e., NMO, DMO, and poststack and prestack time migration) depend on the same two parameters. The parameter is also responsible for anisotropy-induced nonhyperbolic moveout, which may distort the stack of data from relatively long spreads (where the spread length-&-depth ratio is on the order of 1.5-2). The fact that time processing is controlled by just two parameters (instead of four), one of which (V nmo ) is routinely determined by conventional velocity analysis, is an extremely important result that makes anisotropic imaging a practical endeavor. Figure 6 shows anisotropic prestack Gazdag time migrations of synthetic zero-offset data generated for a structural model embedded in a homogeneous VTI medium. The image in Figure ha was obtained using the actual model parameters in the migration, while Figure 6b was obtained by migrating using a model with different values of and but with the same and Although the model used for the migration result in Figure  6b has anisotropy parameters that differ substantially from those of the actual one, it has the correct values of V nmo (0) and and, consequently, produces an accurate image.
The two images in Figures 6c and 6d show migrated sections generated using inaccurate values of The errors, apparent in both cases, demonstrate the sensitivity of the migration results to the value of Predictably, the distortions are more pronounced for the model with a larger error in not only do the imaged reflectors cross but also the re- flector edges are not imaged well. Hence, errors in the parameters V,,,(O) and lead to distortions in the migrated images that can be used to refine the inversion results. While NMO, DMO, and time migrations in VTI media have been made practical by the wonderfully simple result that the kinematics and thus all time-related imaging depend on just two parameters, both of which are accessible from conventional surface seismic data, other information (e.g., check shots or SV-wave moveout) is still required in order to make the all-important conversion from time to depth. Table 1 offers a reference guide that shows the sets of parameters required for time and depth P-wave imaging, as well as amplitude variation with offset analysis in VTI media. If the parameters V nmo( 0) and have been obtained but the vertical velocity is unknown, the image produced by the sequence of NMO, DMO, and poststack depth migration will be well-focused but may have the wrong depth scale. Note that knowledge of is insufficient for performing anisotropic AVO analysis because the gradient AVO term depends on the values of and Anisotropic processing of an offshore data set. The field data introduced in Figure 1 come from a part of W e s t A f r i c a i n w h i c h s e i s m i c anisotropy has been recognized to be significant. As we have discussed above, the anisotropy manifests itself both in time-related imaging and in time-to-depth conversion. In the section displayed in Figure 1 , the gentle dips are well imaged by conventional methods. However, improved imaging of the more steep fault-plane reflections would significantly aid the interpretation of this data set. A clear picture of the faulting in the Cretaceous sections is an essential component of our understanding the extent of the oil fields in this area. Below we demonstrate that dramatic improvement in the imaging of dipping reflectors can be achieved by taking anisotropy into account.
First, we show that the dipping event missed by conventional DMO in Figure. 1 can be properly focused by an anisotropic DMO algorithm. We have picked the best-tit stacking velocities and the corresponding ray parameters for the subhorizontal and dipping events from constant-velocity stacks ( Figure 2 ) and applied our inversion algorithm, assuming a homogeneous VTI medium above the dipping reflector. The inversion procedure yielded the value of 0.07, which was used to reprocess the data by means of a TZO (transformation to zero offset) ray-tracing algorithm designed for VTI models (Alkhalifah, 1996) . As seen in Figure 7 , the anisotropic TZO succeeded in focusing both the subhorizontal and dipping events on the same velocity panel -the one corresponding to the best-fit stacking velocity (V stack =2250 m/s) for the subhorizontal reflectors.
The anisotropic processing sequence described above is based on the assumption that the medium above the dipping reflector is homogeneous. However, analysis of the time dependence of the zero-dip stacking velocity, which can be approximated by V.,,,(O), shows a pronounced velocity gradient of about 0.7 s -1 in this study area. Therefore, the coefficient produced by the inversion algorithm should be regarded as an "effective" parameter that reflects the combined influence of anisotropy and inhomogeneity. To account for vertical inhomogeneity in time-related processing, it is necessay to recover parameters V nmo (0) and as functions of the vertical reflection time. The time dependence of the zero-dip NMO velocity V nmo (0) can be obtained through semblance analysis of reflections from subhorizontal interfaces and subsequent Dix differentiation as is done for isotropic media. To determine the parameter in vertically inhomogeneous media, we use the Dix-type equation for dipping reflections given by Alkhalifah and Tsvankin. Their equation is a generalization of the conventional Dix formula in that all velocities and traveltimes are evaluated at the rayparameter value corresponding to the dip of the reflector. For nonelliptical VTI media, application of the generalized Dix equation requires the presence of a through-going dipping reflector (or several dipping reflectors) in all layers. Figure 8 shows another migrated seismic section from the same general area, offshore Africa. This section, commercially processed, exhibits more complicated subsurface structure with reflections from a large number of dipping fault planes. The upper layers (above 3.0 s at CMP 750 and above 2.1 s at CMP 1050) are largely composed of high-pressure shales that are believed to be the main source of the anisotropy in the data.
The line in Figure 8 is the output of a conventional 3-D processing sequence based largely on the assumption of isotropy. The only exception was use of a "stretched" DMO algorithm designed to compensate empirically for the influence of anisotropy on the dipdependent NMO velocity and DMO impulse response. The stretched DMO, however, can provide only an approximation of the actual DMO signature in VTI media (Alkhalifah, 1996) ; therefore, its use was met with only partial success in this complicated area.
The inversion process based on the generalized Dix equation and a piecewise-linear assumption about V nmo (0) and yielded the time dependence of the parameters V nmo (0) and shown in Figure9 (Alkhalifah, 1995) . Smoothing was used to remove the sharp edges that arise at times where stacking velocity was measured. In the water layer, V nmo (0)= 1.5 km/s and, obviously, = 0. Down to about 2.5 s, the interval values of in Figure 9 show an increase with vertical time. At times exceeding 3.5 s, we had no adequate dip moveout information on
As in conventional velocity analysis, further refinement of the spatial distribution of can be achieved through migration velocity analysis, which can be based, for instance, on a depth-focusing approach.
Although the curve in Figure 4 does not correspond to the same CMP location as does the curve in Figure 9 , it is interesting that the overall shape of the and curves is similar. Note that both anisotropic parameters are positive in the Tertiary shale section, with particularly large values near the bottom of the shale formation. Potentially, this correlation between the anisotropic coefficients can be used in time-to-depth conversion. Indeed, while time imaging requires knowledge just of the coefficient the vertical velocity (or is the key parameter needed to obtain a depth image. Surface P-wave seismic data alone are not sufficient to recover the true vertical velocity. In the early phase of field development, velocity information from surface seismic measurements usually is combined with the initially sparse well control to determine the depth structure away from a crestal position. This combination has typically been based on spatial interpolation of the mis-tie values. With a moderate degree of correlation between the values computed at the wells and nearby values extracted from the seismic data, we have the intriguing possibility of using measurements away from the wells to help us predict and thus the time-todepth relationships at those locations. Figure I Oa shows the output of a convention isotropic (but this time 2-D) processing sequence that included constant-velocity DMO and phase-shift time migration. For comparison, Figure  10b shows the 2-D data imaged with phase-shift VTI time migration (using the inverted parameters of Figure 9 ) applied to the stacked section obtained by a DMO algorithm devised for vertically homogeneous VTI media. This comparison gives a clear picture of the benefits of taking anisotropy into account in seismic imaging; the improvements here are numerous and significant. Probably the most dramatic example is the fault located at CMP 870 between 2.5 and 3 s. An interpreter using the isotropic-processing result might readily either extend the reflections across this fault (invisible on the isotropic section) or suggest a minor subsidence to the left of the fault. The anisotropic image and the inverted interval values of however, suggest that shales extend all the way down to 3 s under CMP 800. thus indicating a much larger subsidence.
The anisotropic section also shows a significant improvement in the continuity of the dominant fault plane that extends from under CMP 900 (a time of about I s) all the way down to 3 s beneath CMP 500. Another example is the region of the nearly horizontal events near CMP location 500 at 2.5 s. The improved continuity of the gently dipping events likely is a result of the nonhyperbolic moveout correction included in the anisotropic processing sequence.
It should be emphasized that the 2-D anisotropic processing result ( Figure  10b ) shows a significant improvement in focusing the dipping events over the 3-D isotropic migrated section in Figure 8 . This, of course, is not to say that 2-D anisotropic processing produces a better image of the subsurface than does 3-D isotropic processing. Treating just anisotropy or three dimensionality alone is necessarily incomplete. Where the subsurface has even modest threedimensional complexity, it is best to incorporate the VTI algorithms into 3-D processing, a worthy goal for future work.
The fault reflections above 2 s in Figure 8 were accurately positioned despite the presence of anisotropy. Per- haps, the stretched DMO helped to bottom reflection under CMP location TZO algorithm used in our work is focus the fault-plane reflections, and ar-900 in Figure 8 looks overmigrated. based on traveltime tables calculated tificially high velocities may have been D once for any model and is, therefore, as used in the time migration to compeniscussion and conclusions. Despite fast as the corresponding isotropic alsate for the presence of anisotropy. the clear improvements achieved by the Such use of higher velocities may be gorithm. In migration codes that make anisotropic imaging methods, it may be repeated use of ray tracing, the overall helpful if the locations of the dipping thought that accounting for anisotropy cost of adding anisotropy depends on events are known in advance, such as in processing is too costly. However, althe contribution of ray tracing to the where the positions of fault-plane rethough anisotropic DMO and migration total computing time (this contribution flections are supported by the refleccodes are somewhat more complicated is small, for example, for Gaussian tions from bedding. The artificially high algorithmically than their isotropic beam migration). velocities, however, seem to have counterparts. they are often almost as Hence, the main message of this caused overmigration of interfaces at efficient in terms of computing time and work is that it is no longer justified to depth. For instance, the image of the memory requirements. For instance, the apply isotropic imaging methods in the presence of vertical transverse isotropy, even if adjustments of the processing parameters can bring about local improvements in image quality. Processing that takes anisotropy into account is neither too complex nor too costly, nor is anisotropy in the earth's subsurface unusual. Rather the opposite: it is isotropy that is anomalous in the earth.
To an extent, routine processing (devised for isotropic media) often includes some freedom, e.g., a juggling of velocities, that allows the processor to overcome some limitations imposed by ignoring the true presence of anisotropy. With such freedom, the processed result can often be steered toward a "geologically plausible" solution, although with only limited success for the offshore Africa data. Despite all attempts to artificially adjust the parameters of the isotropic processing flow, it failed to image fault planes in a massive shale formation. It should be emphasized that the strength of the anisotropy (in time imaging, measured by the parameter in this study area was not anomalous, and similar results can be expected in other regions (e.g., in the North Sea). Also, with the advent of prestack depth migration instead of the conventional processing sequence of NMO-DMOpoststack migration, the possibilities of turning knobs on isotropic algorithms become much more limited.
It might be thought that the added parameter here, accomplishes little more than the benefit of having an added degree of freedom in processing. We should emphasize, however, that for the offshore Africa data, the same function obtained from the inversion of dip-moveout data yielded not only an improved stack of the dipping events after DMO but also improved migrated position and improved nonhyperbolic moveout correction of the gently dipping features.
Furthermore, the significant improvement in image quality represents just one of the benefits of accounting for transverse isotropy in seismic processing. Another benefit, that may be equally important, is the possibility of obtaining a new physical parameter of the subsurface from P-wave reflection data. This coefficient has the potential of becoming an important tool in lithology discrimination from surface seismic data, even if an acceptable image could have been obtained without applying anisotropic processing. For instance, in the Gulf of Mexico the influence of transverse isotropy on DMO is counteracted by a vertical velocity gradient (Lynn et al., 1991) , which enables the isotropic NMO-DMO-poststack migration sequence (with some "adjustments" of velocity) to image fault-plane reflections. However, even in this case, may serve as a useful lithologic tool that would allow the interpreter to discriminate between shales and sands using only surface data.
